Obesity is related to the development of type 2 diabetes mellitus, hypertension, and hyperlipidemia. Obesity results from hypertrophy of individual adipocytes and hyperplasia of adipocytes.
Obesity is related to the development of type 2 diabetes mellitus, hypertension, and hyperlipidemia. Obesity results from hypertrophy of individual adipocytes and hyperplasia of adipocytes. 1) Since hyperplasia of adipocytes is caused by the formation of mature adipocytes from preadipocytes, it is important to elucidate the molecular mechanism of adipocyte differentiation. The molecular mechanisms of the mid and late stages of adipocyte differentiation are relatively well studied. Peroxisome proliferator-activated receptor g (PPARg) and CCAAT/enhancer-binding protein a (C/EBPa) are produced, leading to the expression of adipocyte-specific genes implicated in lipid transport and metabolism, such as adipocyte P2 (aP2) and cluster of differentiation 36 (CD36). The induction of PPARg and C/EBPa gene expression is regulated by C/EBPb and C/EBPd. However, the earliest step in the differentiation process is unclear.
Following the induction of differentiation, growth-arrested 3T3-L1 and 3T3-F442 preadipocytes, both used to study the molecular mechanism of adipocyte differentiation, are known to reenter the cell cycle and undergo several rounds of cell division during the first 3 or 4 d, a phenomenon referred to as mitotic clonal expansion (MCE). 2, 3) MCE is required for terminal differentiation into mature adipocytes.
2) To clarify the molecular basis of the early phase of adipogenesis in 3T3-L1 cells, we previously isolated 102 genes induced to express early in the differentiation process by a polymerase chain reaction (PCR)-subtraction cloning method. 4, 5) Among them, we reported that TC10-like/TC10bLong (TCL/ TC10bL), a member of the Rho family of small GTPases, regulates adipocyte differentiation by controlling MCE. 6, 7) The Rho family regulates the reorganization of the actin cytoskeleton. For example, Rac induces actin polymerization in ruffles near the plasma membrane, whereas Rho induces stress fiber assembly primarily by the bundling of actin filaments in Swiss 3T3 fibroblasts. 8) The alteration of the type and expression level of secreted extracellular matrix (ECM) components and cytoskeletal components is critical for adipocyte differentiation. The expression of fibronectin, integrins, actin and several cytoskeletal proteins is down-regulated during adipocyte differentiation. [9] [10] [11] [12] [13] [14] Furthermore, the expression of ADAM12, a disintegrin and metalloprotease, affected the morphology of preadipocytes, changing them from a flattened, fibroblastic appearance to a more rounded shape through inhibition of the function of b1 integrins. 15) In addition, Sordella et al. reported that RhoA played an important role in the differentiation of tissue-cultured adipocytes through Rho-associated kinase (ROCK). 16) Moreover, inhibition of ROCK, which regulates the re-organization of the actin cytoskeleton, enhanced adipogenesis through the upregulation of adipogenic transcription factors in 3T3-L1 cells. 17) These reports strongly indicate TCL/TC10bL to be involved in the alteration of the actin cytoskeleton at the early stages of adipocyte differentiation.
We previously isolated genes whose expression was upregulated in TCL/TC10bL-overexpressing cells using a PCR-subtraction system.
6) The products of these genes include proteins contributing to cytoskeletal and extracellular structures, such as gelsolin, a protein of 82-84 kDa that can bind, sever and cap actin filaments. Gelsolin activity is regulated by Ca 2ϩ , intracellular pH, phosphoinositide (PPI) and tyrosine phosphorylation. 18) Gelsolin activated by Ca 2ϩ severs the noncovalent bonds between actin subunits in a filament, rapidly promoting shortening of the filament. After severing, gelsolin binds to the barbed ends of actin filaments, preventing elongation. Activated gelsolin can also nucleate the assembly of actin filaments from monomers, creating filaments capped at the barbed end and growing at the pointed end. PPI removes gelsolin from the barbed ends, permitting elongation. [19] [20] [21] [22] In addition, several reports have indicated that gelsolin regulates lipid metabolism, [23] [24] [25] and participates in apoptosis. 26, 27) However, the roles of gelsolin in adipocyte differentiation are unknown.
In this paper, we examined the roles of gelsolin during adipocyte differentiation. The knockdown of gelsolin expression impaired adipocyte differentiation. In addition, it repressed cell proliferation during MCE. Furthermore, the knockdown increased the size of preadipocytes. The results suggest that gelsolin is important for the regulation of MCE and also the determination of cell size in adipocyte differentiation.
MATERIALS AND METHODS
Cell Culture and Differentiation Mouse 3T3-L1 preadipocytes (DS Pharma Biomedical, Osaka, Japan) were grown to confluence in Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum. Two-day postconfluent cells (day 0) were induced to differentiate with DMEM containing 10% fetal bovine serum (FBS), 1 mM dexamethasone, 10 mg/ml insulin and 0.5 mM 3-isobutyl-1-methylxanthine for 2 d. Cells then were fed DMEM supplemented with 10% FBS and 5 mg/ml insulin every other day. At 8 d after induction, the cells were stained with Oil red O solution to detect oil droplets and the amounts of triacylglycerol (TG) were measured using LIPIDOS LIQUID (Ono, Osaka, Japan) according to the manufacturer's instructions.
RNAi Experiments Mouse gelsolin short-hairpin RNA (shRNA) was designed using Design of optimized siRNA sequence BIOPREDsi (http://www.biopredsi.org/start.html). The regions spanning base pairs (bp) 477-497 of gelsolin were selected. A 19-nucleotide shRNA-coding fragment with a 5Ј-TTCAAGAGA-3Ј loop was subcloned into the ApaI/EcoRI site of the plasmid pSilencer 1.0-U6 (Ambion, Austin, TX, U.S.A.). As a negative control, the scrambled fragment 5Ј-GTAAGATGAGGCAATGGAG-3Ј with no similarity to any mRNA listed in GenBank was generated.
3T3-L1 preadipocytes were transfected with 9 mg of the shRNA expression plasmid using Nucleofector kit V (Lonza, Basel, Switzerland). The cells were then plated on 12-well plates. At 2 d postconfluence, the transfected cells were induced to differentiate into adipocytes using inducers described previously.
7)
Cell Counting 3T3-L1 cells were trypsinized in 12-well plates at various time points after induction and collected by centrifugation. Cell numbers were measured by hemocytometer.
Bromodeoxyuridine (BrdU) Labeling and Immunofluorescence Analysis For BrdU labeling and immunofluorescence microscopy, 3T3-L1 cells were plated on coverslips and treated with differentiation cocktails. After 20 h, the cells were labeled for 2 h with 30 mg/ml BrdU (BD Biosciences, San Jose, CA, U.S.A.). The cells on coverslips were fixed in 70% ethanol for 30 min and incubated in 100% methanol for 10 min at room temperature. They were then treated for 30 min with 1.5 M HCl, blocked with 0.5% Tween 20 in phosphate-buffered saline (PBS) for 5 min, and incubated at room temperature with fluorescein isothiocyanate (FITC)-antiBrdU monoclonal antibody (BD Biosciences) for 30 min followed by 7-amino-actinomycin D (BD Biosciences) for 5 min. At each step, the cells were washed with PBS three times after treatment. These cells were visualized by fluorescence microscopy.
Quantitative Real Time PCR (Q-PCR) Total RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer's instructions. The total RNA was converted to single cDNA using a random primer and ReverTra Ace (Toyobo, Osaka, Japan), and the cDNA was used as a template for Q-PCR. An ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA, U.S.A.) was used to perform the Q-PCR. The predesigned primers and probe sets for gelsolin, C/EBPb, C/EBPd, PPARg, C/EBPa, aP2 and 18S rRNA were obtained from Applied Biosystems. The reaction mixture was prepared using a TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. The mixture was incubated at 50°C for 2 min and at 95°C for 10 min, and then the PCR was performed at 95°C for 15 s and at 60°C for 1 min for 40 cycles. Relative standard curves were generated in each experiment to calculate the input amounts of unknown samples.
Western Blot Analysis For the Western blot analysis, post-confluent 3T3-L1 cells were treated with differentiation inducers. The cells at different time-points after the induction were lysed in lysis buffer (60 mM Tris-HCl, pH 8.0, and 1% sodium dodecyl sulfate (SDS)), and clarified by centrifugation at 15000 rpm for 10 min. The protein content of each supernatant was quantified using the Bradford assay. These lysates were separated using SDS/polyacrylamide gel electrophoresis (PAGE), and transferred to a polyvinylidene difluoride membrane. A mouse monoclonal antibody against gelsolin (BD Biosciences) was used as the primary antibody.
Measurement of Cell Size 3T3-L1 cells were plated on coverslips. To detect the edge of cells clearly, approximately 60-80% confluent cells were fixed in 4% paraformaldehyde for 1 h at room temperature. The fixed cells on coverslips were washed with PBS three times. For F-actin staining, the cells were incubated with tetramethylrhodamineisothiocyanate (TRITC)-conjugated phalloidin (SIGMA, St. Louis, MO, U.S.A.) in PBS for 1 h at room temperature. The cells were washed with PBS and photographed using fluorescence microscopy. To determine the size of preadipocyte cells, we chose cells not overlapping with other cells, traced the circumference of the cell manually, and measured the cell area using NIH-Image J software in three random microscopic fields per plate.
Statistical Analysis Results are presented as the meanϮstandard deviation (S.D.). Differences between groups were examined for statistical significance using Student's t test. Excel software was used to carry out t test analyses. A p value of less than 0.05 or 0.01 was considered significant.
RESULTS

Time Course of the Gelsolin Expression during Adipocyte Differentiation
To examine the potential role of gelsolin during adipocyte differentiation, we first investigated the time course of gelsolin expression in adipogenesis. As shown in Fig. 1A , the level of gelsolin mRNA was slightly decreased until 6 h post-induction, but then mildly increased until 60 h, and decreased at day 8. On the other hand, the level of gelsolin protein changed markedly during adipocyte differentiation. While the expression was significantly decreased at 0.5 h, it began to increase at 3 h and then continued to increase until 60 h. From 72 h, gelsolin expression was sharply decreased until day 8 (Fig. 1B) . Western blotting experiments were repeated several times using at least three different lots of protein, and reproducibility was confirmed. The typical pattern for the protein expression of gelsolin is shown in Fig. 1B . The data indicated that gelsolin expression at the protein level changed during adipocyte differentiation.
Inhibition of Adipocyte Differentiation by Silencing of Gelsolin Using RNAi
To assess the effect of silencing gelsolin on the adipogenesis of 3T3-L1 cells, we constructed an shRNA expression plasmid for gelsolin. This plasmid was introduced into 3T3-L1 cells, and the expression of gelsolin was determined by Q-PCR and Western blot analyses. The Q-PCR analysis showed that the mRNA expression was reduced approximately 70% compared with control values at day 0 ( Fig. 2A) . Figure 2B shows the protein expression determined by Western blotting. Although the protein level preinduction was unchanged in the cells transfected with shRNA for gelsolin, it was reduced 24 to 72 h post-induction. The level of gelsolin protein before the induction in control cells transfected with a scrambled fragment was much higher than that at 48 or 60 h (Fig. 2B) , although the protein level preinduction in wild type 3T3-L1 cells was almost the same as that at 48 or 60 h (Fig. 1B) . The reasons why the protein level was unchanged by the shRNA treatment and high in transfected cells before the induction are unclear and are discussed later.
Using these transfected cells, we next performed differentiation experiments. In control cells, oil droplets appeared after 4 d with dynamic changes to cell shape. The number of cells with oil droplets gradually increased, reaching approximately 90% at day 8. Meanwhile, in gelsolin-knockdown cells, very few oil droplets were observed. Eight days after induction, the cells were fixed and stained with Oil red O (Fig. 2C, left panel) and amounts of triacylglycerol (TG) were determined (Fig. 2C, right panel) . The accumulation of oil droplets and TG in the cells transfected with the shRNA expression plasmid for gelsolin decreased compared with levels in control cells. Furthermore, the expression profile of aP2, an adipogenic marker, was determined by Q-PCR. Although the expression of aP2 was barely detectable at day 0 and increased greatly during adipogenesis in control cells, it was significantly reduced in gelsolin-knockdown cells (Fig.  2D) . These results indicated that the knockdown of the expression of gelsolin inhibited adipocyte differentiation.
Impairment of PPARg g and C/EBPa a mRNA Expression by the Knockdown of Gelsolin Expression PPARg and C/EBPa are transcription factors expressed in the mid and late phases of differentiation, and known to activate adipocyte genes for the formation of mature adipocytes and the regulation of insulin sensitivity. We examined PPARg (Fig. 3A) and C/EBPa (Fig. 3B ) expression in gelsolinknockdown cells by Q-PCR. Levels of PPARg and C/EBPa mRNA increased with adipogenesis in control cells. In the gelsolin-knockdown cells, however, they were reduced at each time point. These results suggested that the knockdown of gelsolin expression inhibited PPARg and C/EBPa expression during adipogenesis.
Inhibition of C/EBPb b and C/EBPd d mRNA Expression by the Knockdown of Gelsolin Expression C/EBPb and C/EBPd are members of the C/EBP family of transcription factors and are expressed immediately after induction. C/EBPb and C/EBPd are known to have crucial roles in the regulation of PPARg and C/EBPa expression. In addition, these factors are required for MCE, which appears to be essential for progression through subsequent steps in the differentiation program. [28] [29] [30] [31] [32] Therefore we next investigated the effects of a reduction in gelsolin expression on C/EBPb and C/EBPd expression by Q-PCR. After differentiation was induced, C/EBPb expression immediately increased, reaching a peak at 2 h, in control cells. In the gelsolin-knockdown cells, however, it was reduced compared with control levels at 1 h (Fig. 4A) . The expression of C/EBPd in gelsolin-knockdown cells was decreased compared with that in control cells at 1 and 2 h, while it reached a peak at 1 h and then decreased in the control cells (Fig. 4B) .
Effects of Gelsolin on MCE MCE is observed between day 0 and 4 of adipogenesis and is required for adipocyte differentiation. [28] [29] [30] [31] As shown in Fig. 1 , since the expression of gelsolin changed during MCE, we investigated the effect of its knockdown on MCE. The 3T3-L1 preadipocytes treated with shRNA for gelsolin were induced to differentiate, and MCE was assessed by cell counting using a hemocytometer at different time points (Fig. 5A) . The cells treated with control plasmid underwent an almost 3-fold increase in number by day 4. On the other hand, the numbers of gelsolin-knockdown cells were significantly decreased compared with those of control cells at 0, 2, 3 and 4 d. Next, we examined the influence of gelsolin on DNA synthesis during MCE. DNA synthesis was evaluated using BrdU labeling to verify whether it was blocked by the knockdown of gelsolin expression. Twenty hours after the induction of differentiation, gelsolin-knockdown cells and control cells were pulse-labeled for 2 h with BrdU, and immunostained with the anti-BrdU antibody. The fluorescence of BrdU was detected with a fluorescence microscope and measured. At 20 h post-induction, less BrdU was incorporated into gelsolin-knockdown cells than control cells (Figs. 5B, C) . This result suggested that gelsolin was required for cell proliferation during MCE.
Effect of Gelsolin on the Morphology of 3T3-L1 Preadipocytes
In the differentiation experiments with or without knockdown, 3T3-L1 cells transfected with shRNA for gelsolin or with control plasmid, respectively, were exposed to inducers 2 d after reaching a state of confluence. In fact, microscopic observation showed that both cells reached a state of confluence. However, as shown in Fig. 5A , the numbers of gelsolin-knockdown cells at day 0 were lower than those of control cells. Therefore, we examined why numbers of gelsolin-knockdown cells in a state of confluence were lower. Since it was difficult to detect the edge of preadipocytes at 2 d post-confluence (0 d), we measured cell size in a pre-confluent state, and determined whether it changed or not with suppression of gelsolin expression. We introduced the shRNA expression plasmid for gelsolin or control plasmid into 3T3-L1 cells, and determined the level of gelsolin by Q-PCR. Gelsolin expression was reduced approximately 70% compared with control values at days 3 and 4 after transfection (Fig. 6A) .
To examine the morphological changes caused by the knockdown of gelsolin expression, we next stained F-actin of the gelsolin-knockdown and control cells with TRITC-conjugated phalloidin and assessed cell size at days 3 and 4 after transfection. The cells were approximately 60 and 80% confluent 3 and 4 d after transfection, respectively, and it was easy to identify their edges. Very interestingly, microscopic observation revealed gelsolin-knockdown cells to be larger than control cells (Fig. 6B) . Therefore, we next calculated the sizes of preadipocytes by manually tracing the cells in three independent fields at day 3 with Image J. In gelsolin-knockdown cells, the population of larger preadipocytes increased and the measurements showed that the average size of preadipocytes also increased (Figs. 6C, D) . Similar results were obtained at day 4 after transfection (data not shown). These results strongly indicated that the knockdown of gelsolin expression increased the size of preadipocytes.
DISCUSSION
Previously, we demonstrated that TCL/TC10bL, a member of the Rho family of small GTPases, regulates adipocyte differentiation by controlling mitotic clonal expansion.
6,7) Furthermore, using a PCR-subtraction system, we isolated gelsolin which was induced to express in TCL/TC10bL-overexpressing cells. 6) However, the role of gelsolin in adipocyte differentiation is unknown.
In the present study, we first determined the time course of gelsolin expression in adipocyte differentiation by Q-PCR and Western blotting. Although the mRNA expression changed only slightly, the protein expression changed drastically (Fig. 1) . The molecular mechanism mediating this marked change in gelsolin protein levels during adipogenesis is unclear. A recent report demonstrated that gelsolin was ubiquitinated in pancreatic cancer and degraded by the ubiquitin-proteasome pathway. 33) Therefore, this reduction in protein during adipogenesis might be dependent on the ubiquitin-proteasome-dependent degradation of gelsolin.
Next, we examined the effect of knocking down gelsolin expression on adipogenesis using RNAi. The knockdown impaired adipocyte differentiation (Fig. 2) . This phenotype appeared to be caused by a significant reduction in PPARg and C/EBPa expression during differentiation (Fig. 3) . On the other hand, the knockdown of gelsolin only slightly inhibited the expression of C/EBPb and C/EBPd, upstream activators of PPARg and C/EBPa (Fig. 4) . Recently, Nishimura et al. reported a novel function of gelsolin, which associates with the androgen receptor (AR) and promotes its transactivation in the presence of hydroxyflutamide as well as androgens. 34) Since this report indicates that gelsolin may enhance the transactivation of other nuclear receptors or transcription factors, there is possibility that gelsolin promotes the expression of PPARg and C/EBPa by regulating the activity of other nuclear receptors or transcription factors.
Although the expression of C/EBPb and C/EBPd, required for MCE, was slightly decreased in gelsolin-knockdown cells (Fig. 4) , the knockdown of gelsolin expression strongly inhibited cell proliferation during MCE (Fig. 5) . This finding might indicate that gelsolin regulated MCE through a C/EBPb-independent pathway. Sagawa et al. indicated that gelsolin suppressed the activation of PKCs involved in phospholipid signaling pathways and inhibited cell growth in PC10 cells. 35) Since PKCg is also required for the MCE in 3T3-F442A preadipocytes, 36) it is possible that gelsolin regulates cell proliferation during MCE through a PKC signaling pathway in adipocyte differentiation.
Furthermore, we found that gelsolin-knockdown preadipocytes were significantly larger than control cells (Fig.  6 ). At present, however, the functional relationship between cell size and adipocyte differentiation is unclear. Previous re- ports indicated that cultured fibroblasts prepared from gelsolin null mice had excessive actin stress fibers and were larger and flatter than wild-type cells. 20, 37) Although the molecular mechanism of gelsolin's effect on the regulation of cell size is unclear, it is possible that gelsolin promotes adipocyte differentiation through the regulation of cell size in preadipocytes. The shRNA for gelsolin did not reduce the protein level at day 0, whereas it decreased remarkably the level of gelsolin mRNA. Also, the protein levels of gelsolin in transfected cells were higher than those at 48 or 60 h, which was not the case in wild-type cells (Fig. 1B vs. Fig.  2B ). Although we confirmed the results, we do not have any plausible explanation for these phenomena. It is possible that the stability of gelsolin protein might be changed. Further investigation is needed, and more studies are also required to examine the relationship between the change in cell size caused by gelsolin and the ability to differentiate.
Actin cytoskeletal alterations result in a change of cell size.
38) It was reported that both TCL/TC10bL and gelsolin have crucial roles in the regulation of actin cytoskeletal changes. [18] [19] [20] [21] [22] 39) Furthermore, gelsolin was isolated as a protein whose gene expression was up-regulated by TCL/TC10bL. 6) Since the peak of TCL/TC10bL expression is at 3 h, 6) and that of gelsolin expression is at around 1-3 d, it is possible that TCL/TC10bL is involved in rearrangements of the actin cytoskeleton during adipocyte differentiation through the regulation of gelsolin. On the other hand, the high level of gelsolin just before differentiation was induced might be independent of TCL/TC10bL expression, since the level of TCL/TC10bL is very low at this point. Further analysis of gelsolin's role in the regulation of cell size might resolve these issues.
In conclusion, gelsolin, whose expression was up-regulated in TCL/TC10bL-overexpressing cells, had crucial roles in adipocyte differentiation. In addition, our findings suggested that gelsolin contributed to adipogenesis through the regulation of MCE and the regulation of cell size. Further analysis of gelsolin should help us to understand the molecular mechanism of cell proliferation during MCE and the morphological changes in adipogenesis. 
